T he hypothalamic-pituitary-adrenal (HPA) axis is an important endocrine system that is involved in human adaptation to physical and emotional challenges including the experience of pain. 1, 2 The glucocorticoid cortisol is the hormonal end-product of the HPA axis and plays an important role in efforts to adjust to such challenges. Normal basal HPA axis activity follows a distinct diurnal rhythm with the highest cortisol levels during the early morning hours; thereafter, cortisol steadily decreases throughout the day until it reaches its nadir during the first half of the night. 3 In addition to this reliable diurnal rhythm, there is a brisk increase in cortisol that occurs in relation to awakening in the morning. This cortisol awakening response (CAR) is characterized by a rise in cortisol upon awakening that is distinct from the circadian rise in HPA axis activity in the morning hours, and it occurs in people of all ages. 4,5 CAR generally reaches its peak during the initial 30 to 45 minutes postawakening, but may continue to increase up to an hour after awakening. 4 The magnitude of the increase in cortisol upon awakening has been reliably associated with psychosocial factors and health in potentially significant ways, suggesting that it may be a distinctive marker of HPA function and dysfunction. 4, 6 Previous literature reviews have suggested that HPA axis dysfunction may be implicated in the onset of chronic pain conditions like fibromyalgia and rheumatoid arthritis. 7, 8 Recent evidence has shown that CAR is associated with several disorders known to consistently cooccur with many painful conditions; these disorders include depression and anxiety, 6, 9, 10 sleep disturbance, 11 and chronic fatigue 12 among others. However, the exact role of CAR in the development and perpetuation of these disorders remains unclear. The existing literature specifically addressing the relation between CAR and pain is scant and mixed. In a study that compared healthy controls to patients with chronic whiplash-associated disorder who experienced pain, whiplash-associated disorder patients demonstrated an overall flattened CAR compared with healthy controls. 13 Conversely, another study revealed that men with chronic pelvic pain syndrome had significantly increased awakening cortisol responses compared with healthy controls. 14 Furthermore, it has been suggested that there are no meaningful differences in CAR between healthy controls and patients with chronic osteoarthritis. 15 Recently, our group has shown that differences in CAR were significantly related with pain ratings made in response to a cold pressor test in healthy young adults. 16 In this study, individuals with flattened CAR (ie, minimal cortisol increase to awakening) reported greater mean pain intensity and pain unpleasantness ratings to noxious cold compared with individuals with an increased CAR. These results currently await replication and expansion.
Bouts of clinical pain and laboratory-evoked noxious stimulation represent acute stressors that have previously been shown to provoke changes in autonomic (eg, catecholamines), endocrine (eg, cortisol), and immune (eg, inflammatory cytokines) processes. [17] [18] [19] [20] [21] These physiological changes are interactive and generally comprise what is commonly referred to as "the stress-response." Activation of the stress-response to an acute bout of pain can lead to behavioral and peripheral changes that improve the ability of the organism to make allostatic adjustments for the maintenance of homeostasis. 22, 23 On balance, the physiological changes (ie, stress-response) often observed during acute bouts of clinical and evoked pain are considered adaptive, and meant to coordinate allostasis while protecting the organism during times of threat or challenge. It is not until these adaptive responses become excessive, fail to return to normalcy, or otherwise function in a dysregulated manner that pathology may ensue. To date, no study has examined whether the stress-response to an acute pain stimulus varies as a function of differences in CAR. Examination of differences in the physiological responses to acute pain may help to identify mechanisms that explain how CAR is associated with the pain experience, and other parameters of health and well being.
This study sought to expand upon our group's previous investigation of the association between CAR and pain responses to laboratory-evoked acute pain stimulation in a nonclinical sample. In addition to experimentally evoked pain responses, this study also tested whether CAR was prospectively related with HPA axis and inflammatory responses to acute pain stimulation. Specifically, salivary cortisol and the soluble receptor for tumor necrosis factor-a (sTNFaRII) were examined. We chose to assess sTNFaRII because it is more stable and reliably measured than TNF-a. 24 Healthy participants who exhibited an increased cortisol response to awakening were compared with participants who demonstrated a flattened cortisol response to awakening on pain relevant outcomes. The following questions were tested: (1) are reports of pain intensity and unpleasantness significantly different for individuals with an increased CAR compared with individuals with a flattened CAR? (2) Are the salivary cortisol and sTNFaRII responses to acute pain significantly different between the increased and flattened CAR groups?
MATERIALS AND METHODS

Participants
This study includes a portion of self-report, HPA axis, and inflammatory data collected from individuals who took part in a larger investigation examining patterns of biological marker responses to painful and nonpainful quantitative sensory testing. For this study, healthy and pain-free volunteers (N = 36) of both sexes (47% women) with a mean age of 21 years (SD = 2.5) were recruited from an urban university setting in the mid-Atlantic United States. Potential participants completed a screening battery to determine health status and eligibility. Individuals were unable to participate if they met any of the following criteria: (1) age <18 or >45 years; (2) ongoing chronic pain problems; (3) diagnosed with hypertension or taking medication for blood pressure; (4) circulatory disorders; (5) history of cardiac events; (6) history of metabolic disease or neuropathy; (7) pregnant; (8) currently using prescription analgesics, tranquilizers, antidepressants, or other centrally acting agents; (9) use of nicotine, (10) use of prescription medication (eg, corticosteriods, oral contraceptives), (11) psychiatric disorders (eg, depression), or (12) chronic or acute health problems that affect the HPA axis or immune system. Informed consent was obtained in accordance with approved protocol guidelines of the University Institutional Review Board. All participants were compensated $20 for their participation.
Experimental Protocol
At the first visit, participants were provided with detailed verbal and written instructions regarding home collection of saliva samples (for CAR) and a suitable day for the collection of the saliva samples was selected. Participants received a batch of saliva sampling devices (salivettes; Sarstedt) to assess their cortisol levels after awakening (see below for a more detailed description of the sampling procedure). Participants returned these saliva samples to our laboratory within 1 week before their second scheduled visit. Given concerns with adherence to home cortisol sampling, 25 participants were provided with detailed take-home instruction regarding how and when to collect saliva samples. They also completed a checklist indicating their adherence to the saliva sampling procedures, which included no food, drink, or brushing of teeth within the first hour of awakening. None of the participants reported any difficulty adhering to the saliva collection procedures.
On the second visit, participants were successively assigned to complete 1 of 3 potential pain tasks including a cold pressor task (CPT; N = 10), a hot water task (HWT; N = 10), and an ischemic pain task (IPT; N = 16). All pain testing sessions occurred between the hours of 4 PM and 7 PM. Participants were presented with audio-taped instructions for how to complete the pain testing procedures. Cortisol and the soluble receptor for TNF-a (sTNFaRII) were collected from oral fluid before, immediately after and during recovery from pain testing per the sampling procedures discussed below. The Perceived Stress Scale (PSS) 26 was also completed during the second visit. Perceived stress was considered as a potential factor to be controlled in this study because previous reports have suggested that associations between CAR and various health-related outcomes can be influenced by the amount of stress reportedly experienced by individuals during the approximate time of CAR assessment. 6 
CAR Assessment
Four salivary cortisol samples were obtained at home over the course of a single morning. It has been suggested that an individual's CAR is consistent over days and even weeks making it a reliable biological marker of adrenocortical functioning 27 ; therefore, assessment of CAR on a single day seemed justified. Upon awakening, and at 15, 30, and 60 minutes after awakening, participants placed a cotton salivette in their mouth for 2 minutes 30 seconds. Cortisol obtained in this way is not influenced by saliva flow rate and is in its unbound, biologically active state. 3 Once collected, participants returned the samples to our laboratory where they were stored at À 801C until batched assayed using high-sensitivity enzyme immunoassay kits (Salimetrics, State College, PA).
Laboratory Pain Testing and Pain Reports
CPT
The CPT procedure involved a NESLAB RTE-10 L water bath (Thermo Electron Corporation, Portsmouth, NH) filled with circulating cold water maintained at approximately 41C ( ± 0.21C). Participants were instructed to place their dominant hand into the cold water up to their wrist. Standardized instructions indicated that participants should keep their hands immersed "for the entire duration of the procedure or until the pain becomes intolerable," which is a typical measure of cold pain tolerance. Unbeknownst to participants, the maximum allowable duration of the CPT was 300 seconds (though participants were permitted to terminate the task at any time if the sensations become intolerable). While previous research has used different cutoff times, our 300-second cutoff is consistent with many previous studies. 28 
HWT
The HWT is a tonic pain model similar in procedure to the CPT, but the temperature of the water is increased to 471C. 29 A NESLAB RTE-10 L water bath (Thermo Electron Corporation) was filled with circulating hot water maintained at approximately 471C ( ± 0.21C). Just as with the CPT, participants were instructed to place their dominant hand into the hot water up to their wrist and to keep their hands immersed "for the entire duration of the procedure or until the pain becomes intolerable." The maximum allowable duration of the HWT was 300 seconds (though participants were permitted to terminate the task at any time if the sensations become intolerable).
IPT
The IPT consisted of a modified submaximal effort tourniquet procedure that involved exercising the hand as blood flow to the arm was occluded, evoking ischemic pain. As is the standard IPT procedure, maximum grip strength of the dominant hand was determined using a Lafayette hand-held dynamometer (Lafayette Instrument Co., Lafayette, IN). Participants then elevated the dominant arm above heart level for 30 seconds to drain blood from the arm. The arm was then occluded with a standard blood pressure cuff positioned proximal to the elbow and inflated to 240 mm Hg using a Hokanson E20 rapid cuff inflator (D.E. Hokanson Inc., Bellevue, WA). Participants then performed 20 handgrip exercises of 2 seconds duration with 4-second intervals at 50% of their maximum grip strength. Participants were instructed to say "stop" if they felt that the pain had become intolerable; otherwise, the task was carried out to 900 seconds. A duration of 900 seconds for the IPT is common and consistent with previous research. 30 Throughout each pain task (CPT, HWT, IPT), separate ratings of pain intensity and pain unpleasantness were collected at 30-second intervals after task initiation, or until the task was discontinued due to pain intolerance.
Ratings of worst pain were also obtained at the exact time the task was terminated. A description of the difference between pain intensity (How strong the pain feels) and pain unpleasantness (How unpleasant or disturbing the pain is for you) was read to all participants. After this, pain intensity and pain unpleasantness were assessed by asking participants for verbal self-reports on 0 to 100 scales, with 0 = "no pain" (or "not at all unpleasant") and 100 = "pain as intense as I can imagine" (or "pain as unpleasant as I can imagine). Numeric rating scales of pain intensity and pain unpleasantness have demonstrated validity through their ability to detect treatment effects, and their strong association to other measures of pain intensity and unpleasantness. 31 Pain tolerance was measured as the time (seconds) from pain onset to discontinuation. Mean pain intensity and unpleasantness ratings, in addition to ratings of worst pain intensity and unpleasantness, were examined in statistical analyses.
Cortisol and sTNFaRII Responses to Pain Testing
Consistent with the procedures incorporated by Dickerson et al, 32 the biological parameters in this study were obtained from oral fluids, which provide an established method for assessing cortisol 3 and has been validated for assessing certain inflammatory products. 33 It has been demonstrated that levels of sTNFaRII in oral fluids are significantly and highly correlated with those obtained from plasma. 33 Therefore, oral fluid collection seemed to be a less reactive and invasive means for reliably measuring HPA axis and immune activity relative to a needle stick with blood draws.
An OraSure collection device (Epitope, Beaverton, OR) was placed into the mouth, between the lower cheek and gum, for 2.5 minutes per sampling time point; this placement collects samples mainly containing oral mucosal transudate (OMT). Along with the OraSure device, salivettes (Sarsted, Leicester, UK) were concurrently placed into the mouth, on top of the tongue, for saliva collection. OMT and saliva are both oral fluids. OMT is a filtrate of blood plasma whereas saliva contains enzymes and other particles from the parotid and salivary glands. Cortisol in saliva is in its unbound, biologically active form, and its concentration is independent of saliva flow rate. OMT was collected for sTNFaRII rather than saliva because sTNFaRII is more readily available in OMT.
After obtaining the OMT and saliva samples, they were immediately refrigerated before being transferred and stored at À801C until batch assayed. Cortisol was measured using high-sensitivity salivary cortisol immunoassay kits (Salimetrics, State College, PA). Intra-assay and interassay variability was <8%. sTNFaRII was measured using Quantikine Human sTNFaRII enzyme immunoassay kits (R&D Systems, Minneapolis, MN). The Bradford method 34 was used to quantify protein in the oral fluids, using the Bio-Rad protein assay kit with bovine plasma albumin as the standard. The sTNFaRII results are reported using the ratio of the experimental value for the analyte to the protein concentration in the test sample. This ratio controls for changes in salivary flow rate, which can be altered by experimental procedures or vary between individuals. The ratio values are more reliable than the analyte values alone. 33 The intra-assay and interassay variability was <5%.
Saliva and OMT samples were collected at baseline (approximately 5 min before pain task initiation), immediately after termination of the pain task, and at predetermined intervals during recovery from the pain testing procedure (+10, 15, 20, 25, and 35 min postpain task). These sampling time points were chosen based on a meta-analysis of previous research showing that peak changes in cortisol occur at approximately 30 minutes after stressor onset. 35 In addition, a recent study has reported that sTNFaRII responses to acute stress have been found to occur at that same time point. 32 Questionnaires PSS Participants' level of perceived stress was measured by means of the PSS scale. 26 This scale is a self-report instrument that evaluates the level of perceived stress during the last month. Originally, the scale was comprised of 14 items, but more recently a 10-item short-version was created after the guidelines put forth by the authors of the original version. 36 Respondents are asked to rate each item on a 5-point scale ranging from 0 (never) to 4 (very often). The total score of the PSS is obtained by reversing the scores of the 4-positive items and then summing across all 10 items. A higher score indicates a higher level of perceived stress. In this study, internal consistency for the PSS scale was very good (a = 0.82).
Data Analysis
A significant amount of skew in the distributions of all cortisol and sTNFaRII data was discovered. Accordingly, these data were subjected to logarithmic transformation using a log 10 function, which was effective for reducing skew according to the Shapiro-Wilk tests (P's>0.05). Subsequent statistical analysis of cortisol and sTNFaRII responses was completed using transformed values; however, study figures show antilog mean values for easier interpretation of results. Area under the cortisol (AUC) response to awakening curve was calculated with respect to increase (AUC I CAR) and ground (AUC G CAR) to capture increase in salivary cortisol across the selected CAR time points (ie, upon awakening, at 15, 30, and 60 min postawakening). As previously described by Pruessner et al, 37 AUC G is assumed to be a measure more related to total hormone output, whereas AUC I is a parameter that emphasizes the changes over time and is more related to sensitivity of the system. In this study, we specifically examined AUC I CAR because it has previously been suggested that the increase in CAR may be the most appropriate measure for assessing HPA activation after waking in relation to biopsychosocial factors. 6 The AUC I CAR variable was then subjected to cluster analysis using k-means 38 with the objective to define 2 distinct groups of participants with similar patterns of cortisol response to awakening. Cluster analysis was completed rather than a median split to reduce the arbitrary nature of the grouping and to better ensure that the 2 groups of participants were as similar as possible for CAR. As the cluster analysis method makes no restrictions in terms of group size, numbers of participants in each group are usually not balanced. The cluster analysis produced a group of participants with flattened AUC I CAR (N = 24) and a group demonstrating increased AUC I CAR (N = 12). Repeated measures analysis of variance (RM-ANOVA) was computed to detect differences in cortisol responses after awakening between the groups defined by the cluster analysis, with the Greenhouse-Geisser correc-tions applied for repeated measures. Significant interaction and main effects were further analyzed by the Bonferroni adjusted post-hoc tests.
Differences in the distribution of participants' sex and the type of laboratory pain task completed as a function of the flattened and increased AUC I CAR groupings were examined using w 2 test. The flattened and increased AUC I CAR groups were compared on reports of average and worst pain intensity and pain unpleasantness using multivariate analysis of variance. Additional RM-ANOVAs were completed to examine differences between the flattened and increased CAR groups in cortisol and sTNFaRII responses assessed before, immediately following and during recovery from laboratory pain testing. Analyses include the partial Z 2 as a measure of effect size where appropriate. After the conventions of Cohen, 39 partial Z 2 = 0.01 is considered a small effect, partial Z 2 = 0.06 a medium-sized effect, and partial Z 2 = 0.14 a large effect.
RESULTS
Cortisol Response to Awakening
The patterns of cortisol response to awakening for the 2 groups (flattened and increased AUC I CAR) produced by cluster analysis were distinctly different as shown in Figure 1 
CAR Group Comparisons and Examination of Covariates
The flattened and increased AUC I CAR groups did not significantly differ in their reports of perceived stress during the month preceding study participation [F(1,34) = 0.31, P = 0.58); perceived stress was not included in any subsequent study model as a statistical covariate. The 2 AUC I CAR groups were compared for differences in total cortisol output (AUC G CAR) during the CAR relevant cortisol sampling time points. The overall output of cortisol was found to be marginally greater for the increased AUC I CAR group relative to the flattened AUC I CAR group [F(1,34) = 3.51, P = 0.07]. Total cortisol output during CAR assessment (AUC G CAR) was subsequently included in all study models to better examine unique relations among increase in cortisol (AUC I CAR) and study outcomes. Results from w 2 tests showed that AUC I CAR group distributions did not significantly differ by sex [w 2 (1) = 1.39, P = 0.24] or by the type of laboratory pain task completed [w 2 (2) = 0.90, P = 0.64]. Further, the flattened and increased AUC I CAR groups did not significantly differ in their pain tolerance [F(1,34) = 1.66, P = 0.21]. Despite the lack of significant AUC I CAR group differences for pain tolerance or distribution of the type of pain task completed, conservative efforts were still employed to minimize any potential influence on the results due to differences in pain testing. Outcome data for pain and physiological responses were collapsed and examined across the 3 pain tasks, but all subsequent analyses statistically controlled for the type of pain task completed.
CAR and Acute Pain Reports
Results of multivariate analysis of variance demonstrated a marginally significant multivariate effect of AUC I CAR group on pain responses [F(4,29) = 2.37, P = 0.07, Z 2 = 0.247, observed power = 0.45]; however, further probing of the multivariate effect revealed very significant univariate effects (Fig. 2) . Interestingly, the increased AUC I CAR group reported greater average pain intensity 
CAR and Physiological Responses to Acute Pain
Cortisol responses to acute pain are shown in Figure 3 . Results of RM-ANOVA with the Greenhouse-Geisser correction demonstrated a significant main effect of time [F(6,192) = 6.22, P<0.01, Z 2 = 0.155, observed power = 0.65], suggesting that all participants (irrespective of increased vs. flattened AUC I CAR status) demonstrated a cortisol response that was significantly increased from baseline levels at 20 minutes and then significantly below baseline levels at 35 minutes after completion of the acute pain tasks (P<0.025 with the Bonferroni adjustment). Contrary to our hypothesis, a significant AUC I CAR group by time interaction failed to emerge [F(6,192) = 0.83, P = 0.45, Z 2 = 0.066, observed power = 0.19], suggesting that cortisol responses to acute pain did not significantly differ over time as a function of AUC I CAR status. It is important to mention that the effect size for this interaction fell within the moderate range; however, the observed power for detecting this effect was quite low. Further, Figure 3 shows a tendency for the postpain task cortisol responses of the increased AUC I CAR group to be consistently greater than those of the flattened AUC I CAR group. The Box test and the Levene tests were nonsignificant (P>0.05). Analysis of sTNFaRII responses to acute pain (Fig. 4 ) revealed another significant main effect of time [F(6,192) = 2.59, P = 0.03, Z 2 = 0.075, observed power = 0.64], whereby all participants (irrespective of AUC I CAR status) demonstrated a sTNFaRII response that was significantly decreased from baseline levels immediately after completion of the pain tasks and remained significantly below baseline levels through each successive time point (P<0.001 with the Bonferroni adjustment). The interaction between AUC I CAR group and time was not found to be statistically significant for the sTNFaRII response [F(6,192) = 1.34, P = 0.25, Z 2 = 0.050, observed power = 0.45). Thus, it appears that the patterns of sTNFaRII response were not statistically different across the AUC I CAR groups. Again, it can be pointed out that the effect size for this interaction was in the small to moderate range; however, the observed power was arguably insufficient. Examination of Figure 4 shows a tendency for the postpain task sTNFaRII responses of the increased AUC I CAR group to be consistently more diminished than those of the flattened AUC I CAR group. The Box test and the Levene tests were also nonsignificant for this analysis (P>0.05).
DISCUSSION
In the sample of healthy adults reported here, experimentally evoked acute pain sensitivity differed as a function of the cortisol increase upon awakening. Selfreports of average and worst pain intensity and unpleasantness were significantly greater for the group of individuals with an increased cortisol response to awakening compared with the group of individuals with a flattened response. These findings are a direct contrast to the results of the study previously reported by our group. 16 In our previous study, individuals with a flattened CAR reported greater pain ratings. Our contradictory findings from healthy, nonclinical samples are not unlike the mixed findings reported from studies that examined CAR function in clinical samples of individuals with chronic pain conditions. 13, 14, 40 It has been suggested that CAR function may vary with the duration of the chronic pain condition. Although chronic pain is initially associated with increased HPA axis activity, it is hypothesized, that some individuals develop a hypoactive HPA axis when chronic pain persists over a long period of time. 8 This hypothesis is consistent with the theory of allostatic load, 41,42 which has been described as a physiological process representing the cumulative wear and tear on the body resulting from chronic or inadequate adaptation to stress. 43 This explanation may account for conflicting results regarding CAR in chronic pain conditions; however, the application of this hypothesis to healthy, nonclinical samples may be more tenuous. Two potential explanations for the differential results between this study and our group's previous study merit mentioning.
First, no clinically validated guidelines exist to define normal and dysregulated cortisol responses to awakening. Accordingly, the use of statistical approaches to designate group membership (ie, flattened vs. increased CAR) are warranted. This study used a k-means cluster analysis to differentiate increased CAR from flattened CAR, whereas our previous study used median split procedures. Cluster analysis may be more effective than the median split for differentiating CAR because median split procedures impose an arbitrary structure on data by creating groups of approximately equal size. Cluster analysis methods go beyond median split procedures to identify structural groupings that provide a satisfactory fit with the data set irrespective of sample size. 44, 45 Despite the potential differences between cluster analysis and median split, the use of a median split did not drastically alter the relations between CAR and pain reports in this study (data not shown). It remains unknown whether the use of cluster analysis, as opposed to median split, in our previous study might have produced different patterns of association between CAR and pain ratings. It is important to note that the superiority of cluster analysis to median spilt procedures, or vice versa, remains a topic of debate. A second explanation might be related to the time frame for when CAR is assessed in relation to laboratory pain testing. In this study, CAR was assessed before completion of the laboratory pain testing procedures; however, CAR was assessed after completion of pain testing in our groups' previous investigation. This is a potentially important difference in methodology because CAR samples collected before pain testing would seemingly be more effective than samples collected after pain testing for capturing the influence of individuals' anticipation of their research involvement and any resulting distress. Recently, it has been speculated that anticipation of daily social demands may be essential in regulating the CAR magnitude for that particular day. 4 It may be that an enhanced cortisol response to awakening acted as a marker for stress sensitivity and/or the stressful anticipation of the impending experimental pain task that was experienced later that day. Anticipatory stress could explain, at least in part, why individuals with increased CAR reported greater ratings of experimentally evoked acute pain relative to those with a flattened CAR. It is unlikely that pain ratings were meaningfully impacted by differences across CAR groups for chronic stress history or by differences attributable to the three different pain tasks. This is because reports of perceived stress over the past month were virtually identical between the two CAR groups and the type of experimental pain task completed was statistically controlled during data analysis.
The role of the CAR in modulating physiological responses to stress has not been clearly defined and no previous study, to our knowledge, has examined the association of CAR with HPA axis or inflammatory (re)activity after acute pain. In this study, salivary cortisol was found to be significantly increased from baseline after acute pain stimulation, whereas the sTNFaRII response was significantly decreased. The finding of an enhanced cortisol response to acute painful stimulation is consistent with previous studies 46, 47 ; however, the concomitant suppression of the inflammatory cytokine receptor (ie, sTNFaRII) response contrasts previous studies demonstrating elevated markers of inflammation after experimental pain. 20, 48 In these studies, 20, 48 the most significant enhancements in inflammatory cytokines after experimental pain induction were demonstrated 60 minutes postpain and beyond. Unfortunately, nothing can be discerned about sTNFaRII responses beyond the 35-minute mark in this study.
Contrary to our hypothesis, the patterns of physiological response were not found to significantly differ as a function of increased versus flattened CAR. However, the cortisol and sTNFaRII responses for the increased CAR cohort were generally more pronounced compared with the responses of the flattened CAR cohort. Despite the lack of support in this study, it cannot be fully concluded that CAR is unassociated with cortisol and sTNFaRII responses to acute pain at this time. Particularly because the effect sizes for the CAR group by time interaction were found to be moderate for cortisol (Z 2 = 0.066) and sTNFaRII (Z 2 = 0.050); however, this study seems to have been insufficiently powered to detect these effects (observed power = 0.19 and 0.45, respectively). The lack of statistical power for examining interaction effects is most likely related to the present study's small sample size (N = 36). Also because of the small sample size, it was not feasible to examine the associations (ie, 0-order correlations) among perceived stress, pain reports, and physiological responses within each CAR cohort. It will be important for future studies attempting to expand upon our work to include larger samples sizes with appropriate statistical power to further elucidate the relations among CAR and physiological response to painful stressors.
This study cannot answer but merely speculates on the potential psychosocial and behavioral factors that might help to explain the association of CAR with experimental pain responses as observed here. For example, several studies have shown that higher levels of depressive symptoms were associated with a greater CAR, 9 particularly for participants in the nonclinical range of depression. 49 Furthermore, CAR and depressive symptoms were significantly positively correlated with measures of chronic and acute stress perception. 49 Negative mood and depression have previously been established as reciprocally linked with more severe experiences of pain in clinical and experimental studies. 7 Taken together, it seems plausible that the group of individuals with increased CAR in this study may have also experienced greater depressive symptoms (albeit in the nonclinical range) compared with the flattened CAR group. This possibility may help explain why the increased CAR group rated their pain experiences as more severe. Another potential factor that may affect the association of CAR with pain is sleep behaviors. Several past studies have reported that early morning awakening, perhaps as a proxy for shortened sleep time, was associated with a larger CAR 50,51 ; however, a minority of studies have disagreed with this association. 52 Much like depressive symptoms, sleep disturbances and poor sleep quality have also been established as bidirectionally linked with greater experimental and clinical pain severity. 53 Therefore, it stands to reason that poor sleep may represent an underlying mechanism affecting the relationship between increased CAR and greater pain ratings observed in this study; however, this hypothesis currently awaits investigation.
This study possesses several limitations that should be considered when interpreting the findings. First, this crosssectional study, with observational data, was not designed to establish causal relations; however, it does preliminarily associate greater experimental pain ratings with increased CAR. The study does not invalidate our group's previous study, which demonstrated an association between flattened CAR and pain ratings. Rather, these mixed results underscore the need for additional research to clarify the association of CAR with pain in healthy samples. Another potential limitation is that our study did not account or control for the menstrual cycle phase of female participants. Recently, it has been shown that CAR was significantly greater during ovulation compared with the luteal and follicular phases. 54 This suggests that the association of CAR and pain ratings in this study may have possibly been affected by female participants' menstrual cycle. Although this possibility was unknown to our group at the time of the data collection (2007 to 2008), future CAR studies may wish to account for the menstrual cycle. Lastly, we were only able to sample a single soluble receptor of an inflammatory cytokine (sTNFaRII). Simultaneous assessment of many actual cytokines in a biological sample would provide more comprehensive information rather than assessing the receptor of a single cytokine. 55 The systemic measurement of multiple cytokines in oral fluids, plasma, and/or serum may provide a more detailed indication of the associations among CAR and inflammatory responses after acute painful stimulation. 56 In conclusion, this study suggests that a greater cortisol response to awakening, measured before acute pain stimulation, is associated with greater intensity and unpleasantness ratings. However, support is not provided for the association of CAR with cortisol or sTNFaRII responses to acute pain. Future research should attempt to replicate this study with particular focus on HPA axis and inflammatory responses to painful stimulation. This is because CAR may actually be associated with physiological responses to painful stimulation, yet this study simply lacked an adequate sample size and statistical power to detect such associations. Future studies of CAR and pain may also wish to expand upon the present findings by concurrently examining health-related psychosocial and behavioral factors such as depressed mood and disturbed sleep. Teasing apart the interrelations among CAR, pain, mood, and sleep may help to further characterize the role of CAR in the experience of pain.
